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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
In this paper a wear study of innovative Ti-Ta alloys is present. Samples of Ti-30%Ta, Ti-52%Ta, were produced by laser 
cladding. This technology uses a high power density generated by a laser beam to melt the base material and the filler material. 
The interaction between the laser and the substrate is a function of the radiation absorption properties of the material and that 
conditions the heat flow. Laser technology allows working with high temperatures and melting powders of titanium and the 
alloying elements as tantalum. As this is a continuous process enables rapid cooling of the molten material and the consequent 
solidification. The principal importance of these innovative alloys is the low Young’s Modulus, the closest to Young´s Modulus 
of the bone, the biocompatibility of titanium and tantalum and consequently its applicability to biomedical industry. The wear 
behavior is an important factor that influences the structural integrity of materials and must be studied for innovative alloys. So in 
this work the micro-scale abrasive wear tests were used to characterize the wear behavior of Ti-30%Ta, Ti-52%Ta alloys. The 
results shows that the wear volume increases linearly as the rotation of the ball test and with the sliding distance and the analysis 
of the ball cratering shows that for this test there just grooving abrasion and the volume wear abrasion is higher for the highest 
hardness alloy. 
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1. Introduction 
Wear is a common form of material degradation that can occur during extended periods of service and, if 
unchecked, can significantly impair structural integrity. Wear is a progressive phenomenon and failures due to wear 
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bstract 
In this paper a ear study of innovative Ti-Ta alloys is present. Sa ples of Ti-30 Ta, Ti-52 Ta, ere produced by laser 
cladding. This technology uses a high po er density generated by a laser bea  to elt the base aterial and the filler aterial. 
The interaction bet een the laser and the substrate is a function of the radiation absorption properties of the aterial and that 
conditions the heat flo . Laser technology allo s orking ith high te peratures and elting po ders of titaniu  and the 
alloying ele ents as tantalu . s this is a continuous process enables rapid cooling of the olten aterial and the consequent 
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behavior is an i portant factor that influences the structural i tegrity of aterials and ust be studied for innovative alloys. So in 
this ork the icro-scale abrasive ear tests ere used to charact rize the ear behavior of Ti-30 Ta, Ti-52 Ta alloys. The 
results sho s that the ear volu e increases linearly as the rotation of the ball test and ith the sliding distance and the analysis 
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are generally encountered in the last quarter of the component life. As the material removal under conditions of wear 
is uniform and damage accumulation is progressive, wear failures are generally predictable. However, if wear 
damage triggers other modes of failures, catastrophic failures are encountered. In last years, many international 
conferences provide discussion forums for dissemination of recent advances in integrity, reliability and failure of 
structures, components and systems of engineering. Authors as Makhlouf and Aliofkhazraei (2016), Morgado and 
Brito (2015), Gomes and Meguid (2009) Reddy (2004), discussed case studies of integrity and failure analysis of 
aerospace, aeronautical, railway, automotive, power and biomedical industries. 
The focus of the present paper is the study of the wear behavior of Ti-30%Ta and Ti-52%Ta innovative alloys. 
These alloys were produced by Laser Cladding in the Instituto Superior Técnico laboratory. There is a scientific 
interest of characterize the wear behavior of these innovative Ti-Ta alloys once that is not studied and consequently 
not documented. All the samples preparation and tests reported in this paper were made in Instituto Superior Técnico 
laboratories. 
In order to study the wear mechanisms of this innovative alloys micro indentation and micro-scale abrasive wear 
tests were performed. In the end of the wear test, the wear volume analysis and the mean coefficient of wear for each 
representative sample were made to evaluate their wear behavior. 
 
Nomenclature 
b wear scar diameter 
h depth of the wear 
t time 
vt linear velocity  
K wear rate 
N normal load on the contact 
R ball radius  
S sliding distance 
V wear volume 
1.1. Titanium alloys: state of the art 
Titanium is present in the earth’s crust at a level of about 0.6% and is therefore the fourth most abundant 
structural metal after aluminum, iron and magnesium. This metal was discovered in 1791 by Gregor in Cornwall –
UK but only in 1795 Klaproth named the metal titanium in is home page Titan, the powerful son of the earth in 
Greek mythology. The production of ductile, high purity titanium still proved to be difficult, because of the strong 
tendency of this metal to react with oxygen and nitrogen. Only in the 20th century, during the Second War, that a 
commercially attractive process was developed by Kroll in Luxembourg. This famous Kroll process remained 
essentially unchanged and is the dominant process for titanium produced today. Nevertheless there is a recent 
resurgence of R&D about new titanium production methods that do not involve the Kroll process (Lütjering and 
Williams (2003)). 
The principal attractions of titanium alloys are high strength, low density, low Young’s modulus, full corrosion 
resistance to seawater, to drilling mud, and to transported fluids, and seawater fatigue resistance. 
Since 1958 that there are two classical application areas for titanium alloys (Ti-6Al-4V alloy,   alloy Ti-10-2-3): 
airframes and engines in aerospace industry. After that new alloys of titanium started to be used in military 
industries, chemistry and heavy industries, power industry, civil engineering, automotive industry, consumer goods, 
medical applications, offshores structures, etc. 
This work was motivated by the continuing demand of biomedical industry. Remains the need to innovate in new 
alloys that fulfill requirements like adequate stiffness, strength, fatigue, wear and corrosion resistance and of course 
biocompatibility. Elias et. al (2008) and Niinomi (2008) studied the high biocompatibility of titanium and its alloys 
in biomedical applications such as artificial hip joints, bone plates and screws. As have been said, pure titanium and 
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are generally encountered in the last quarter of the component life. As the material removal under conditions of wear 
is uniform and damage accumulation is progressive, wear failures are generally predictable. However, if wear 
damage triggers other modes of failures, catastrophic failures are encountered. In last years, many international 
conferences provide discussion forums for dissemination of recent advances in integrity, reliability and failure of 
structures, components and systems of engineering. Authors as Makhlouf and Aliofkhazraei (2016), Morgado and 
Brito (2015), Gomes and Meguid (2009) Reddy (2004), discussed case studies of integrity and failure analysis of 
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The focus of the present paper is the study of the wear behavior of Ti-30%Ta and Ti-52%Ta innovative alloys. 
These alloys were produced by Laser Cladding in the Instituto Superior Técnico laboratory. There is a scientific 
interest of characterize the wear behavior of these innovative Ti-Ta alloys once that is not studied and consequently 
not documented. All the samples preparation and tests reported in this paper were made in Instituto Superior Técnico 
laboratories. 
In order to study the wear mechanisms of this innovative alloys micro indentation and micro-scale abrasive wear 
tests were performed. In the end of the wear test, the wear volume analysis and the mean coefficient of wear for each 
representative sample were made to evaluate their wear behavior. 
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1.1. Titanium alloys: state of the art 
Titanium is present in the earth’s crust at a level of about 0.6% and is therefore the fourth most abundant 
structural metal after aluminum, iron and magnesium. This metal was discovered in 1791 by Gregor in Cornwall –
UK but only in 1795 Klaproth named the metal titanium in is home page Titan, the powerful son of the earth in 
Greek mythology. The production of ductile, high purity titanium still proved to be difficult, because of the strong 
tendency of this metal to react with oxygen and nitrogen. Only in the 20th century, during the Second War, that a 
commercially attractive process was developed by Kroll in Luxembourg. This famous Kroll process remained 
essentially unchanged and is the dominant process for titanium produced today. Nevertheless there is a recent 
resurgence of R&D about new titanium production methods that do not involve the Kroll process (Lütjering and 
Williams (2003)). 
The principal attractions of titanium alloys are high strength, low density, low Young’s modulus, full corrosion 
resistance to seawater, to drilling mud, and to transported fluids, and seawater fatigue resistance. 
Since 1958 that there are two classical application areas for titanium alloys (Ti-6Al-4V alloy,   alloy Ti-10-2-3): 
airframes and engines in aerospace industry. After that new alloys of titanium started to be used in military 
industries, chemistry and heavy industries, power industry, civil engineering, automotive industry, consumer goods, 
medical applications, offshores structures, etc. 
This work was motivated by the continuing demand of biomedical industry. Remains the need to innovate in new 
alloys that fulfill requirements like adequate stiffness, strength, fatigue, wear and corrosion resistance and of course 
biocompatibility. Elias et. al (2008) and Niinomi (2008) studied the high biocompatibility of titanium and its alloys 
in biomedical applications such as artificial hip joints, bone plates and screws. As have been said, pure titanium and 
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the Ti-6Al-4V Eli were originally designed for use as structural materials as aerospace applications, and Niiomi 
(2002) concludes that their mechanical proprieties are higher than those of the bone. And Crapper et. al (1990) and 
Geetha et. al (2009) discussed toxicity of the Aluminum and Vanadium concluding that this two toxic elements are 
associated with long term health problems. Bone resorption around the titanium alloy implant and preventing it from 
regenerating was studied by Geetha et al. (2009). In recent years, efforts are being made to develop new   titanium 
alloys using nontoxic elements such niobium, tantalum, zircon and molybdenum. Teixeira (2012) and Teixeira et al. 
(2013) studied modulus of elasticity and hardness of Ti-Ta alloys and their corrosion behavior for biomedical 
applications. 
1.2. Tantalum brief history 
Tantalum was discovered in 1802 by Anders Gustaf Ekeberg as an oxide of an unknown metal and he named it 
tantalum, in homage Tantalus of Greek mythology. The first tantalum metal, though heavily contaminated, was 
produced in 1824 by Berzelius, but it was only in the early 1900s that the preparation of tantalum metal of sufficient 
quality to be ductile was achieved by Bolton. The different uses are based on the different properties of tantalum: 
electronic components which use mainly the dielectric properties of tantalum oxide; the uses in process equipment 
and machinery rely on the extraordinary inertness of the oxide layer covering tantalum for use in the chemical 
industry, and on its hardness for the fabrication of tools; the use in transportation relies on the strength of tantalum-
containing alloys at high temperatures for use in aerospace applications, especially aircraft turbines; its bio inertness 
is the basis of its use in biomedical applications (Anderson, 2000). In table 1 is presented the actual applications of 
tantalum products and their technical attributes/ benefits. 
1.3. Laser cladding 
Laser cladding is a technique to enhance a surface protection with an addiction of fine clads of similar or 
dissimilar material (Torres (2015)). Development and automation of the laser cladding equipment of Instituto 
Superior Técnico – Lisbon University was made by Torres et. al (2015). The needs of control parameter as 
overlapping, number of clads, deposition rate, laser power and powder feeder rate are very import in the process and 
influence the mechanical proprieties and durability of the coatings. With the automation of the process is possible 
guarantee the quality of the product; with only one program was possible control and define all the parameters of the 
process and of the equipment, and was possible obtain different chemical composition in one sample keeping the 
same process control parameters, varying linearly the mass flow rate from two metallic materials in synchronization 
with the translation movement of XY table. In Fig. 1 is shown the control scheme of the laser cladding equipment 
controlled by a personal computer. 
 
 
Fig. 1. Control scheme of the laser cladding equipment (Torres et. al (2015)). 
This process will increase surface mechanical properties as hardness, wear and corrosion resistance (Navas et al., 
(2005)) in mechanical components subject to adverse working conditions such as aggressive environment, high 
thermal cycles and exposure to corrosive gases (Capello et al., (2005)) for prolonged periods of time. It also 
increases their lifetime (Costa and Vilar, (2009)). 
These indicated features are due to reduced dilution between the substrate and the alloy coating, so the high 
mechanical properties of the coating are preserved (Farnia et al. (2012), Komvopoulos and Nagarathnam (1990), 
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Schneider (1998), Navas et al. (2005), Vilar (1998)). However, the increase of mechanical properties of the surface 
layer is not only due to the metallurgical characteristics of the coating, but also by the result of thermal cycles 
applied. The high heating and cooling rates that occur during the process result in a grain refinement (Schneider 
(1998), Li et. al. (2004)). 
Table 1. Applications of tantalum products and their technical attributes/ benefits (TIC, 2016) 
Tantalum Product Application Technical Attributes/Benefits 
Tantalum carbide  Cutting tools  Increased high temperature 
deformation, control of grain growth 
 
Lithium tantalate  Surface Acoustic Wave (SAW) filters in mobile phones, hi-fi stereos and 
televisions 
Electronic signal wave dampening 
provides for clearer and crisper audio 
and video output  
Tantalum oxide  - Lenses for spectacles, digital cameras and mobile phones 
- X-ray film 
- Ink jet printers 
- Ta2O5 provides a high index of 
refraction so lenses for a given focal 
strength can be thinner and smaller 
- Yttrium tantalate phosphor reduces 
X-ray exposure and enhances image 
quality 
- Wear resistance characteristics. 
Integrated capacitors in integrated 
circuits (ICs) 
Tantalum powder  Tantalum capacitors for electronic circuits in: 
- medical appliances such as hearing aids and pacemakers; 
- automotive components such as ABS, airbag activation, engine 
management modules, GPS; 
- portable electronics e.g. laptop computers, cellular/mobile phones, video 
cameras, digital still cameras; 
- other equipment such as DVD players, flat screen TVs, games consoles, 
battery chargers, power rectifiers, cellular/mobile phone signal masts, oil 
well probes 
High reliability characteristics and low 
failure rates, operation over a wide 
temperature range from -55 to +200°C, 
can withstand severe vibrational forces, 
small size per microfarad 
rating/electrical storage capability 
Tantalum fabricated 
sheets and plates 
- Chemical process equipment including lining, cladding, tanks, valves, 
heat exchangers 
- Cathodic protection systems for steel structures such as bridges, water 
tanks 
- Corrosion resistant fasteners, screws, nuts, bolts 
- Spinnerettes in synthetic textile manufacture 
Superior corrosion resistance - 
equivalent in performance to glass 
Tantalum fabricated 
sheets and plates 
- Prosthetic devices for humans - hip joints, skull plates, mesh to repair 
bone removed after damage by cancer, suture clips, stents for blood vessels 
Attack by body fluids is non-existent; 
highly bio-compatible 
Tantalum fabricated 
sheets, plates, rods, 
wires 
- High temperature furnace parts  Melting point is 2996°C although 
protective atmosphere or high vacuum 
required 
Tantalum ingot - Sputtering targets Applications of thin coatings of 
tantalum, tantalum oxide or nitride 
coatings to semi-conductors to prevent 
copper migration 
Tantalum fabricated 
sheets, plates, rods, 
wires 
- High temperature alloys for: 
- air and land based turbines (e.g. jet engine discs, blades and vanes) 
- rocket nozzles 
Alloy compositions containing 3-11% 
tantalum offer resistance to corrosion 
by hot gases, allow higher operating 
temperatures and thus efficiency and 
fuel economy 
Tantalum ingot  - Computer hard drive discs  Alloy compositions containing 3-11% 
tantalum offer resistance to corrosion 
by hot gases, allow higher operating 
temperatures and thus efficiency and 
fuel economy 
Tantalum ingot  - Explosively Formed Projectile for TOW-2 missile  Balance of density and formability 
allow for a lighter and more efficient 
system  
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alloys using nontoxic elements such niobium, tantalum, zircon and molybdenum. Teixeira (2012) and Teixeira et al. 
(2013) studied modulus of elasticity and hardness of Ti-Ta alloys and their corrosion behavior for biomedical 
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1.2. Tantalum brief history 
Tantalum was discovered in 1802 by Anders Gustaf Ekeberg as an oxide of an unknown metal and he named it 
tantalum, in homage Tantalus of Greek mythology. The first tantalum metal, though heavily contaminated, was 
produced in 1824 by Berzelius, but it was only in the early 1900s that the preparation of tantalum metal of sufficient 
quality to be ductile was achieved by Bolton. The different uses are based on the different properties of tantalum: 
electronic components which use mainly the dielectric properties of tantalum oxide; the uses in process equipment 
and machinery rely on the extraordinary inertness of the oxide layer covering tantalum for use in the chemical 
industry, and on its hardness for the fabrication of tools; the use in transportation relies on the strength of tantalum-
containing alloys at high temperatures for use in aerospace applications, especially aircraft turbines; its bio inertness 
is the basis of its use in biomedical applications (Anderson, 2000). In table 1 is presented the actual applications of 
tantalum products and their technical attributes/ benefits. 
1.3. Laser cladding 
Laser cladding is a technique to enhance a surface protection with an addiction of fine clads of similar or 
dissimilar material (Torres (2015)). Development and automation of the laser cladding equipment of Instituto 
Superior Técnico – Lisbon University was made by Torres et. al (2015). The needs of control parameter as 
overlapping, number of clads, deposition rate, laser power and powder feeder rate are very import in the process and 
influence the mechanical proprieties and durability of the coatings. With the automation of the process is possible 
guarantee the quality of the product; with only one program was possible control and define all the parameters of the 
process and of the equipment, and was possible obtain different chemical composition in one sample keeping the 
same process control parameters, varying linearly the mass flow rate from two metallic materials in synchronization 
with the translation movement of XY table. In Fig. 1 is shown the control scheme of the laser cladding equipment 
controlled by a personal computer. 
 
 
Fig. 1. Control scheme of the laser cladding equipment (Torres et. al (2015)). 
This process will increase surface mechanical properties as hardness, wear and corrosion resistance (Navas et al., 
(2005)) in mechanical components subject to adverse working conditions such as aggressive environment, high 
thermal cycles and exposure to corrosive gases (Capello et al., (2005)) for prolonged periods of time. It also 
increases their lifetime (Costa and Vilar, (2009)). 
These indicated features are due to reduced dilution between the substrate and the alloy coating, so the high 
mechanical properties of the coating are preserved (Farnia et al. (2012), Komvopoulos and Nagarathnam (1990), 
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Schneider (1998), Navas et al. (2005), Vilar (1998)). However, the increase of mechanical properties of the surface 
layer is not only due to the metallurgical characteristics of the coating, but also by the result of thermal cycles 
applied. The high heating and cooling rates that occur during the process result in a grain refinement (Schneider 
(1998), Li et. al. (2004)). 
Table 1. Applications of tantalum products and their technical attributes/ benefits (TIC, 2016) 
Tantalum Product Application Technical Attributes/Benefits 
Tantalum carbide  Cutting tools  Increased high temperature 
deformation, control of grain growth 
 
Lithium tantalate  Surface Acoustic Wave (SAW) filters in mobile phones, hi-fi stereos and 
televisions 
Electronic signal wave dampening 
provides for clearer and crisper audio 
and video output  
Tantalum oxide  - Lenses for spectacles, digital cameras and mobile phones 
- X-ray film 
- Ink jet printers 
- Ta2O5 provides a high index of 
refraction so lenses for a given focal 
strength can be thinner and smaller 
- Yttrium tantalate phosphor reduces 
X-ray exposure and enhances image 
quality 
- Wear resistance characteristics. 
Integrated capacitors in integrated 
circuits (ICs) 
Tantalum powder  Tantalum capacitors for electronic circuits in: 
- medical appliances such as hearing aids and pacemakers; 
- automotive components such as ABS, airbag activation, engine 
management modules, GPS; 
- portable electronics e.g. laptop computers, cellular/mobile phones, video 
cameras, digital still cameras; 
- other equipment such as DVD players, flat screen TVs, games consoles, 
battery chargers, power rectifiers, cellular/mobile phone signal masts, oil 
well probes 
High reliability characteristics and low 
failure rates, operation over a wide 
temperature range from -55 to +200°C, 
can withstand severe vibrational forces, 
small size per microfarad 
rating/electrical storage capability 
Tantalum fabricated 
sheets and plates 
- Chemical process equipment including lining, cladding, tanks, valves, 
heat exchangers 
- Cathodic protection systems for steel structures such as bridges, water 
tanks 
- Corrosion resistant fasteners, screws, nuts, bolts 
- Spinnerettes in synthetic textile manufacture 
Superior corrosion resistance - 
equivalent in performance to glass 
Tantalum fabricated 
sheets and plates 
- Prosthetic devices for humans - hip joints, skull plates, mesh to repair 
bone removed after damage by cancer, suture clips, stents for blood vessels 
Attack by body fluids is non-existent; 
highly bio-compatible 
Tantalum fabricated 
sheets, plates, rods, 
wires 
- High temperature furnace parts  Melting point is 2996°C although 
protective atmosphere or high vacuum 
required 
Tantalum ingot - Sputtering targets Applications of thin coatings of 
tantalum, tantalum oxide or nitride 
coatings to semi-conductors to prevent 
copper migration 
Tantalum fabricated 
sheets, plates, rods, 
wires 
- High temperature alloys for: 
- air and land based turbines (e.g. jet engine discs, blades and vanes) 
- rocket nozzles 
Alloy compositions containing 3-11% 
tantalum offer resistance to corrosion 
by hot gases, allow higher operating 
temperatures and thus efficiency and 
fuel economy 
Tantalum ingot  - Computer hard drive discs  Alloy compositions containing 3-11% 
tantalum offer resistance to corrosion 
by hot gases, allow higher operating 
temperatures and thus efficiency and 
fuel economy 
Tantalum ingot  - Explosively Formed Projectile for TOW-2 missile  Balance of density and formability 
allow for a lighter and more efficient 
system  
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1.4. Wear tests 
The test of wear-craters ball (also known as wear by abrasion test in micro-scale) was initially developed for the 
study of hard coatings was also used to study the behavior of soft materials (Trezona and Hutchings (1999)). This 
method has many advantages particularly for its versatility, its ability to perform tests on very small samples, the 
ease of use and low cost of the test equipment (Gant and Gee, (2011)). Gee et al (2003) participated in an EU-
funded project which aimed at standardizing the test, and in so doing, establishing best practice that was 
consequently published as ISO standard 26424:2008. 
In this kind of test, the ball (with a radius R) is rotated against a sample in the presence of a slurry of abrasive 
particles, resulting in a wear scar in the sample (Rutherford and Hutchings (1996), Gee et. al (2003), Adachi and 
Hutchings (2003)). The wear scar resulting from micro-abrasion test is considered spherical and the volume can be 
calculated by directly measuring the diameter of the crater or its depth, the wear volume can be calculated using the 
equations 1 and 2: 
4bV 64
  for b R     (1) 
2V h R   for h R     (2) 
Where: V is the wear volume; R is the ball radius; b is wear scar diameter and h is the depth of the wear test.  
For a bulk material, the wear volume V, can be related to the sliding distance, S, and the normal load on the 
contact, N, by a simple model for abrasive wear which is known as Archard law for sliding wear (equation 3). This 
has often been found to be true, but in some cases a strong dependence of wear rate on the number of revolutions 
and hence the sliding distance was found, however if the Archard wear law is followed, the wear rate K is described 
by equation 4 (Trezona and Hutchings (1999), Gee et. al (2003)). And the sliding distance, S, can be given by 
equation 5. 
V KSN     (3) 
4bK 64RSN
     (4) 
tS v t      (5) 
Where vt is the linear velocity and t is the time during of the test. 
For the ball crater test, two variants have been considered principal, the free ball and the fixed ball systems. As 
the name suggests, in the fixed ball system, the ball is rotated against the sample by a notched rotating shaft, the ball 
is placed in the notch of the shaft. In this method there is uncertainty in terms of speed of ball rotation and the 
number of revolutions performed because there is a possibility of slippage occurring between the shaft and the ball, 
this can, however, be mitigated by the use of rubber driving elements on the shaft, in this tests the normal load is 
produced by the weight of the ball so the normal load is limited by that (Gant and Gee (2011), Kusano and 
Hutchings (2005), Stachowiak and Stachowiak (2004). This test allows the use of higher loadings than the mass of 
the ball. 
In this kind of abrasive test, two wear modes are identified. The rolling abrasion (also known as three body 
abrasions) results when the abrasive particles roll between two surfaces multiples indentations with no evidence 
directionality are produced. If the abrasive particles slide in the contact region (ball/sample) a series of fine parallels 
grooves is produced on the sample, this leads to so called grooving wear, also known three body abrasion (Adachi 
and Hutchings (2003), Trezona and Hutchings (1999), Cozza et. al (2007)). So it is possible to switch between two-
body and three-body parameter varying normal load, volume fraction of abrasive in the slurry; the two-body 
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mechanism dominated at high loads and low abrasive volume fractions (or null volume fraction) and the tree-body 
mechanism dominated at low loads and high abrasive volume fractions. In some cases it is possible to find both 
mechanisms present, depending on the test conditions. 
2. Experimental 
2.1. Alloys fabrication 
The laser cladding experiments were carried out using a Nd:YAG laser beam power of 2 kW continuous wave at 
a scanning speed of 5 mm/s.  
A plate of commercially pure grade 2 titanium was used as substrate. Prior to deposition the substrates were 
sandblasted and cleaned in alcohol in an ultrasonic bath. The powders were heated at 100° C for 24 h. Due to the 
high reactivity of titanium with oxygen and nitrogen at high temperature that often lead to embrittlement, the 
deposition process was carried out in a chamber, under controlled argon atmosphere, to avoid contamination. 
Powder feeding was carried out using a lateral nozzle kept at a 45° angle to the horizontal. The laser was incident at 
an angle of 80° to the substrate to prevent damage to the optical fiber and the laser cavity by the reflected beam. The 
alloys were deposited using a two-hopper powder feeder: one hopper containing pure Ti powder and the other pure 
Ta powder. By computer controlling the mass flow rate of each powder it is possible to deposit variable composition 
clad tracks. 80 mm long tracks have been produced in one ranging from Ti-30%Ta to Ti-90%Ta (wt%) of nominal 
compositions. 
2.2. Details of Micro Scale abrasive wear tests 
For this work the equipment which has been used in the micro-scale abrasive wear test was the Plint TE-66 
(Phoenix Tribology, Reading, UK) it is a fixed ball system used in the micro scale abrasive wear. As been said 
before Ti30Ta and Tia52Ta samples were tested (five tests for each) and the balls used were of steel and have 25 
mm of diameter. In table 2 are presented the Young’s modulus and indentation hardness of the balls and samples. 
For all tests the normal load used was of 1 N, the linear speed was of 0.2 m/s, the angular velocity of the ball was of 
16 rad/s and the duration of one rotation was 0.393 s. The details of the experimental tests are present in table 3. 
 
  Table 2 - Mechanical properties of the Ti–Ta alloys samples and balls test 
 Material Young's Modulus [GPa] Indentation Hardness [GPa] 
Ball test Steel 210 7.35 
Samples Ti30Ta 50 2.3 
Ti52Ta 32 2.2 
 
 
Table 3 - Conditions selected for the tests with the fixed-ball equipment for the Ti30Ta and Ti52Ta 
Number of test 1 2 3 4 5 
Number of revolutions [Rev] 100 200 300 400 500 
Test Time [s] 39 79 118 157 196 
Sliding Distance [m] 8 16 24 31 39 
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1.4. Wear tests 
The test of wear-craters ball (also known as wear by abrasion test in micro-scale) was initially developed for the 
study of hard coatings was also used to study the behavior of soft materials (Trezona and Hutchings (1999)). This 
method has many advantages particularly for its versatility, its ability to perform tests on very small samples, the 
ease of use and low cost of the test equipment (Gant and Gee, (2011)). Gee et al (2003) participated in an EU-
funded project which aimed at standardizing the test, and in so doing, establishing best practice that was 
consequently published as ISO standard 26424:2008. 
In this kind of test, the ball (with a radius R) is rotated against a sample in the presence of a slurry of abrasive 
particles, resulting in a wear scar in the sample (Rutherford and Hutchings (1996), Gee et. al (2003), Adachi and 
Hutchings (2003)). The wear scar resulting from micro-abrasion test is considered spherical and the volume can be 
calculated by directly measuring the diameter of the crater or its depth, the wear volume can be calculated using the 
equations 1 and 2: 
4bV 64
  for b R     (1) 
2V h R   for h R     (2) 
Where: V is the wear volume; R is the ball radius; b is wear scar diameter and h is the depth of the wear test.  
For a bulk material, the wear volume V, can be related to the sliding distance, S, and the normal load on the 
contact, N, by a simple model for abrasive wear which is known as Archard law for sliding wear (equation 3). This 
has often been found to be true, but in some cases a strong dependence of wear rate on the number of revolutions 
and hence the sliding distance was found, however if the Archard wear law is followed, the wear rate K is described 
by equation 4 (Trezona and Hutchings (1999), Gee et. al (2003)). And the sliding distance, S, can be given by 
equation 5. 
V KSN     (3) 
4bK 64RSN
     (4) 
tS v t      (5) 
Where vt is the linear velocity and t is the time during of the test. 
For the ball crater test, two variants have been considered principal, the free ball and the fixed ball systems. As 
the name suggests, in the fixed ball system, the ball is rotated against the sample by a notched rotating shaft, the ball 
is placed in the notch of the shaft. In this method there is uncertainty in terms of speed of ball rotation and the 
number of revolutions performed because there is a possibility of slippage occurring between the shaft and the ball, 
this can, however, be mitigated by the use of rubber driving elements on the shaft, in this tests the normal load is 
produced by the weight of the ball so the normal load is limited by that (Gant and Gee (2011), Kusano and 
Hutchings (2005), Stachowiak and Stachowiak (2004). This test allows the use of higher loadings than the mass of 
the ball. 
In this kind of abrasive test, two wear modes are identified. The rolling abrasion (also known as three body 
abrasions) results when the abrasive particles roll between two surfaces multiples indentations with no evidence 
directionality are produced. If the abrasive particles slide in the contact region (ball/sample) a series of fine parallels 
grooves is produced on the sample, this leads to so called grooving wear, also known three body abrasion (Adachi 
and Hutchings (2003), Trezona and Hutchings (1999), Cozza et. al (2007)). So it is possible to switch between two-
body and three-body parameter varying normal load, volume fraction of abrasive in the slurry; the two-body 
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mechanism dominated at high loads and low abrasive volume fractions (or null volume fraction) and the tree-body 
mechanism dominated at low loads and high abrasive volume fractions. In some cases it is possible to find both 
mechanisms present, depending on the test conditions. 
2. Experimental 
2.1. Alloys fabrication 
The laser cladding experiments were carried out using a Nd:YAG laser beam power of 2 kW continuous wave at 
a scanning speed of 5 mm/s.  
A plate of commercially pure grade 2 titanium was used as substrate. Prior to deposition the substrates were 
sandblasted and cleaned in alcohol in an ultrasonic bath. The powders were heated at 100° C for 24 h. Due to the 
high reactivity of titanium with oxygen and nitrogen at high temperature that often lead to embrittlement, the 
deposition process was carried out in a chamber, under controlled argon atmosphere, to avoid contamination. 
Powder feeding was carried out using a lateral nozzle kept at a 45° angle to the horizontal. The laser was incident at 
an angle of 80° to the substrate to prevent damage to the optical fiber and the laser cavity by the reflected beam. The 
alloys were deposited using a two-hopper powder feeder: one hopper containing pure Ti powder and the other pure 
Ta powder. By computer controlling the mass flow rate of each powder it is possible to deposit variable composition 
clad tracks. 80 mm long tracks have been produced in one ranging from Ti-30%Ta to Ti-90%Ta (wt%) of nominal 
compositions. 
2.2. Details of Micro Scale abrasive wear tests 
For this work the equipment which has been used in the micro-scale abrasive wear test was the Plint TE-66 
(Phoenix Tribology, Reading, UK) it is a fixed ball system used in the micro scale abrasive wear. As been said 
before Ti30Ta and Tia52Ta samples were tested (five tests for each) and the balls used were of steel and have 25 
mm of diameter. In table 2 are presented the Young’s modulus and indentation hardness of the balls and samples. 
For all tests the normal load used was of 1 N, the linear speed was of 0.2 m/s, the angular velocity of the ball was of 
16 rad/s and the duration of one rotation was 0.393 s. The details of the experimental tests are present in table 3. 
 
  Table 2 - Mechanical properties of the Ti–Ta alloys samples and balls test 
 Material Young's Modulus [GPa] Indentation Hardness [GPa] 
Ball test Steel 210 7.35 
Samples Ti30Ta 50 2.3 
Ti52Ta 32 2.2 
 
 
Table 3 - Conditions selected for the tests with the fixed-ball equipment for the Ti30Ta and Ti52Ta 
Number of test 1 2 3 4 5 
Number of revolutions [Rev] 100 200 300 400 500 
Test Time [s] 39 79 118 157 196 
Sliding Distance [m] 8 16 24 31 39 
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3. Results and Discussion 
3.1. Crater diameter versus number of rotations 
After the micro scale abrasive wear tests, the craters produced in the samples were observed in an optical 
microscope and was possible to measure the radius, R, of each crater using the software ImageJ (Fig. 2). As no 
craters showed a completely circular form, 5 measurements were made for each test and averaged radius was 
calculated. Crater diameters increases with the increasing of the number of rotations of the bal. This occurs due to 
the fact that by increasing the number of rotations for a constant velocity 0.2 m / s, increases the time test and 
consequently the sliding distance. In Fig. 3 can be observed that the Ti52Ta crater diameters are bigger than Ti30Ta. 
This fact occurs because the hardness of the two alloys is different but close. 
 
Fig. 2 - Wear diameter measurement in software IMAGE J. 
Fig. 3 – Medium crater diameter versus number of rotations 
3.2. Wear volume and wear coefficient 
With the values of diameter obtained in the test ball cratering, and using the equations 1, 3 and 4 it was possible 
to calculate the wear volume and the wear coefficient. Tables 4 and 5 show the values of the wear coefficient and 
wear volume for each of the five tests conducted for the two alloys, Ti30Ta and Ti52Ta. Of the analysis of these two 
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tables it is noted that Ti52Ta alloy presented higher values of wear volume and wear coefficient than the values of 
Ti30Ta. It can be observed from these two tables and from Fig. 4 that the wear coefficient, K, does not vary linearly 
with the rotation of the sphere test. The wear coefficient (K) is lower for the alloy with higher hardness, the 
coefficient increases up to 300 rpm and then begin to decrease (see Fig. 4). This decrease occurs because from 300 
rpm the particles released by the sample and are deposited in the contact between the ball and the sample which 
leads to a decrease in the coefficient of wear. 
Table 4 – Wear volume and wear coefficient of Ti30Ta samples  
Number of test 1 2 3 4 5 
Average diameter of the wear scar [µm] 1274.544 1569.994 1973.831 2069.977 2146.153 
Wear volume [mm3] 0.010363 0.023859 0.059607 0.072098 0.08331 
Wear coeficiente (mm3/Nm) 0.00132 0.00152 0.00253 0.00229 0.00212 
Table 5 - Wear volume and wear coefficient of Ti52Ta samples 
Number of test 1 2 3 4 5 
Average diameter of the wear scar [µm] 1209.988 1650.662 2258.709 2293.768 2405.136 
Wear volume [mm3] 0.011565 0.029154 0.102212 0.108707 0.131407 
Wear coeficiente [mm3/Nm] 0.00147 0.00186 0.00434 0.00346 0.00335 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 – Wear coefficient as function of the ball test rotation 
3.3. Wear volume as function of the sliding distance, test time, ball test rotation 
The figure 5, 6 and 7 present the evolution of the wear volume in function of the ball test rotation, sliding 
distance and time test. Observing the three graphs, a linear dependence is observed which indicates that has been 
reached the steady state wear. This linear dependence is consistent with Equation 3 and can be observed that the 
wear volume is not a material property since it varies with the test conditions. For the same testing conditions (see 
Table 3) the volume of abrasion is higher for the alloy of lower hardness (Ti52Ta) than for the alloy with higher 
hardness (Ti30Ta) which shows that some properties of materials such as hardness influences the wear resistance 
(the higher the wear resistance the lower the volume wear). 
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3. Results and Discussion 
3.1. Crater diameter versus number of rotations 
After the micro scale abrasive wear tests, the craters produced in the samples were observed in an optical 
microscope and was possible to measure the radius, R, of each crater using the software ImageJ (Fig. 2). As no 
craters showed a completely circular form, 5 measurements were made for each test and averaged radius was 
calculated. Crater diameters increases with the increasing of the number of rotations of the bal. This occurs due to 
the fact that by increasing the number of rotations for a constant velocity 0.2 m / s, increases the time test and 
consequently the sliding distance. In Fig. 3 can be observed that the Ti52Ta crater diameters are bigger than Ti30Ta. 
This fact occurs because the hardness of the two alloys is different but close. 
 
Fig. 2 - Wear diameter measurement in software IMAGE J. 
Fig. 3 – Medium crater diameter versus number of rotations 
3.2. Wear volume and wear coefficient 
With the values of diameter obtained in the test ball cratering, and using the equations 1, 3 and 4 it was possible 
to calculate the wear volume and the wear coefficient. Tables 4 and 5 show the values of the wear coefficient and 
wear volume for each of the five tests conducted for the two alloys, Ti30Ta and Ti52Ta. Of the analysis of these two 
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tables it is noted that Ti52Ta alloy presented higher values of wear volume and wear coefficient than the values of 
Ti30Ta. It can be observed from these two tables and from Fig. 4 that the wear coefficient, K, does not vary linearly 
with the rotation of the sphere test. The wear coefficient (K) is lower for the alloy with higher hardness, the 
coefficient increases up to 300 rpm and then begin to decrease (see Fig. 4). This decrease occurs because from 300 
rpm the particles released by the sample and are deposited in the contact between the ball and the sample which 
leads to a decrease in the coefficient of wear. 
Table 4 – Wear volume and wear coefficient of Ti30Ta samples  
Number of test 1 2 3 4 5 
Average diameter of the wear scar [µm] 1274.544 1569.994 1973.831 2069.977 2146.153 
Wear volume [mm3] 0.010363 0.023859 0.059607 0.072098 0.08331 
Wear coeficiente (mm3/Nm) 0.00132 0.00152 0.00253 0.00229 0.00212 
Table 5 - Wear volume and wear coefficient of Ti52Ta samples 
Number of test 1 2 3 4 5 
Average diameter of the wear scar [µm] 1209.988 1650.662 2258.709 2293.768 2405.136 
Wear volume [mm3] 0.011565 0.029154 0.102212 0.108707 0.131407 
Wear coeficiente [mm3/Nm] 0.00147 0.00186 0.00434 0.00346 0.00335 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4 – Wear coefficient as function of the ball test rotation 
3.3. Wear volume as function of the sliding distance, test time, ball test rotation 
The figure 5, 6 and 7 present the evolution of the wear volume in function of the ball test rotation, sliding 
distance and time test. Observing the three graphs, a linear dependence is observed which indicates that has been 
reached the steady state wear. This linear dependence is consistent with Equation 3 and can be observed that the 
wear volume is not a material property since it varies with the test conditions. For the same testing conditions (see 
Table 3) the volume of abrasion is higher for the alloy of lower hardness (Ti52Ta) than for the alloy with higher 
hardness (Ti30Ta) which shows that some properties of materials such as hardness influences the wear resistance 
(the higher the wear resistance the lower the volume wear). 
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Fig. 5- Wear volume as a function of the ball test rotation 
 
Fig. 6- Wear volume as a function of the slide distance 
 
 
 
 
 
 
 
 
 
 
Fig. 7- Wear volume as a function of the time test 
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4. Conclusions 
With the present study, it was concluded that the innovative Ti30Ta and Ti52Ta alloys have a wear behavior very 
similar, this is, the wear volume increases linearly with the rotation of the ball test, sliding distance and time test. 
The analysis of the ball cratering shows that there is just grooving abrasion and the volume wear abrasion is higher 
for the lower hardness alloy (Ti52Ta alloy), althought the hardness of Ti30T and Ti52Ta are very aproximated. As 
both alloys have low Young‘s Modulus, they can be used in biomedical applications, however the Ti-52Ta presents 
the wear behaviour more compatible with what is expected for developed new implants alloy. 
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Fig. 5- Wear volume as a function of the ball test rotation 
 
Fig. 6- Wear volume as a function of the slide distance 
 
 
 
 
 
 
 
 
 
 
Fig. 7- Wear volume as a function of the time test 
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4. Conclusions 
With the present study, it was concluded that the innovative Ti30Ta and Ti52Ta alloys have a wear behavior very 
similar, this is, the wear volume increases linearly with the rotation of the ball test, sliding distance and time test. 
The analysis of the ball cratering shows that there is just grooving abrasion and the volume wear abrasion is higher 
for the lower hardness alloy (Ti52Ta alloy), althought the hardness of Ti30T and Ti52Ta are very aproximated. As 
both alloys have low Young‘s Modulus, they can be used in biomedical applications, however the Ti-52Ta presents 
the wear behaviour more compatible with what is expected for developed new implants alloy. 
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